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a  b  s  t  r  a  c  t
A  new  type  of  covalent  binderless  bulk  modiﬁed  electrode  has been  fabricated  and  used in the  simulta-
neous  determination  of  lead and  cadmium  ions  at nanomolar  level.  The  modiﬁcation  of  graphitic  carbon
with 4-amino  salicylic  acid  was  carried  out under  microwave  irradiation  through  the amide  bond  for-
mation.  The  electrochemical  behavior  of the  fabricated  electrode  has  been  carried  out  to  decipher  the
interacting  ability  of  the  functional  moieties  present  on  the  modiﬁer  molecules  toward  the  simultaneous
determination  of Pb2+ and  Cd2+ ions  using  cyclic  and  differential  pulse  anodic  stripping  voltammetry.  Theeywords:
raphitic carbon
-Aminosalicylic acid
inderless bulk modiﬁed electrode
ead
possible  mode  of interaction  of  functional  groups  with  metal  ions  is  proposed  based  on  the  pKa  values
of the  modiﬁer  functionalities  present  on  the  surface  of graphitic  carbon  particles.  The analytical  utility
of  the  proposed  sensor  has  been  validated  by  measuring  the  lead and  cadmium  content  from  pretreated
waste  water  samples  of lead  acid  batteries.admium
attery waste water
. Introduction
Lead and cadmium are highly toxic metal ions which have
een routinely discharged into the environment from metallur-
ical, electroplating, paper mill and fertilizer industries [1,2]. As
 result of its high toxicity, exposure to these metal ions even at
race level may  affect both mankind and aquatic systems [3].  The
orld health organization WHO  has recommended threshold limit
alues TLV of 10 g L−1 and 3 g L−1 for Pb2+and Cd2+ ions in drink-
ng water, respectively [4,5]. In recent years, a signiﬁcant focus
as been given in controlling these pollutants and development
f novel sensors for their quantiﬁcation at trace level. Monitoring
f trace quantities of lead and cadmium ions can be readily mea-
ured in the laboratory using spectroscopic techniques, but these
re highly expensive, require skilled personal to operate, sophis-
icated devices and not appropriate for ﬁeld detection [6].  Hence
here is a need for the development of portable devices for ﬁeld
easurement study which gives reliable results at low concen-
ration level. One such methodology which can be exploited to
evelop portable devices is electrochemical stripping technique
hich offers high sensitivity, selectivity and ﬁeld applicability [7].
nitially the stripping voltammetry has been explored as a novel
echnique with the use of mercury based electrodes which were
niversally accepted due to its high hydrogen over potential, good
eproducibility, high sensitivity and easy surface renewability [8,9].
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003-2670/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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In recent years the use of mercury based electrodes has been min-
imized due to its high toxicity [10]. Recent trend towards green
chemistry protocol aims to reduce the toxic effects by replacing the
toxic electrode materials with nontoxic materials. Various types of
bismuth modiﬁed electrodes have been used recently in place of
mercury due to its low toxicity, easy alloy formation ability and
superior analytical response over mercury based electrodes [11].
But the bismuth modiﬁed electrodes can easily oxidized in presence
of air causing relatively low chemical stability [12]. New alterna-
tive electrode materials for stripping analysis are still in demand
to meet the growing needs of the market for on site environmen-
tal monitoring of trace heavy metal ions. Hence various carbon
based electrode materials have been used with a great emphasis
to increase the sensitivity and selectivity of the electrode materials
toward particular analytes by modifying the surface with selective
functionalities having potential afﬁnity towards metal ions [13]. In
this direction various types of carbon paste electrodes CPEs have
been reported by incorporating selective indicator molecules con-
taining selective functional moieties. However these electrodes are
beneﬁcial from the point of surface renewability but suffer from
stability due to continuous leaching of modiﬁer molecule during
prolonged electrochemical measurements and also the presence
of binder hinders the electrode kinetics which inturn limits the
long term usage, storage and operational stability [3,14–20]. Hence
there is a need to design a robust, stable and easily renewable sur-
face electrodes with modiﬁer molecules covalently attached to the
carbon surface to control the leaching of modiﬁer molecule into
electrolyte. Covalent derivatization of carbon substrate prevents
not only indicator leaching but also the use of binder. The absence
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of modiﬁer molecules present on the surface of graphitic carbon.0 R. Gunigollahalli Kempegowda, P. Malinga
f binder increases the long term storage stability of the fabricated
lectrodes and also improves the electrode kinetics.
The oxygen containing functionalities like carboxyl and
ydroxyl groups are known to show potential afﬁnity towards
etal ions like lead and cadmium [21–23]. In the present study,
e have used salicylic acid as a modiﬁer molecule and covalently
nchored onto the surface of graphitic carbon in bulk quantities
hrough microwave irradiation. The modiﬁed graphitic carbon par-
icles were used to fabricate binderless bulk modiﬁed electrode.
hese electrodes are new type of electrodes obtained by recom-
ressing the covalently modiﬁed graphitic carbon particles at high
ressure without using any binder. Till to date, there have been
o reports on the covalent modiﬁcation of graphitic carbon with
alicylic acid as modiﬁer molecule and the use of binderless bulk
odiﬁed electrodes as metal ion sensors. Herein we  have used
hese electrodes as electrochemical metal ion sensors and also
xplored the simultaneous determination of lead and cadmium
ons at nanomolar levels with good reproducibility over a period
f several months. Based on the surface pKa values of the modiﬁer
unctionalities the possible mechanism of interaction of modiﬁer
unctionalities with the given metal ions is also proposed. The
nalytical application of the developed sensor has been shown by
etermining the lead and cadmium ions from waste water samples
f lead acid batteries.
. Experimental
.1. Chemicals and reagents
All reagents used were Analar grade and used without fur-
her puriﬁcation. Graphite (dia. >20 m),  4-aminosalicylic acid and
otassium bromide for IR spectroscopy (FTIR grade, Purity 99%)
ere obtained from Sigma–Aldrich. Acetic acid, sodium acetate and
odium hydroxide were purchased from SD Fine Chemicals, Mum-
ai. All pH solutions in the range pH 1–10 were prepared using
eionised water from MilliQ water puriﬁer (Millipore, USA) with a
esistivity of not less than 18.2 M cm−1 at 25 ◦C. Working stan-
ards of lead and cadmium ionic solutions were prepared using
ead and cadmium nitrate salts.
.2. Apparatus
All electrochemical measurements were carried out using elec-
rochemical analyzer [CH Instruments, Texas, USA, model CHI
19B] at room temperature in an electrochemical cell of volume
0 mL  with a standard three electrode conﬁguration. Binderless
ulk modiﬁed electrode (dia. = 5 mm)  acted as working electrode, A
t (purity 99.99%) wire as the counter electrode and Ag/AgCl (3 M
Cl) as a reference electrode (CH Instruments, Texas, USA). Before
lectrochemical measurements, the solutions were degassed using
igh purity nitrogen gas for 15 min. All pH measurements were
arried out using Control Dynamics pH meter (APX 175). Infrared
pectrometric measurements were recorded using FTIR Shimadzu
400S in the range 1000–3600 cm−1 with a resolution of 4 cm−1.
canning electron microscopy images were recorded using JEOL
JSM-840A) scanning electron microscope. Microwave experi-
ents were conducted using domestic microwave oven.
.3. Analytical procedure
The simultaneous determination of Pb2+ and Cd2+ ions were
arried out using differential pulse anodic stripping voltammetry
DPASV) in the potential range from −1.0 to 0.0 V with an amplitude
f 0.01 V and a pulse width of 0.05 s. Known amounts of both lead
nd cadmium ions were taken in an electrochemical cell of 10 mL
olume containing sodium acetate solution of pH 8 which is ﬁttedAnalytica Chimica Acta 728 (2012) 9– 17
with a tab controlled magnetic stirrer. The fabricated electrode
was immersed into the above stirred solution for 4 min to precon-
centrate the metal ions at the interface by applying the reduction
potential of −0.8 V. Then they were subsequently stripped off from
the electrode surface into the bulk of the solution by scanning the
potential in the positive direction after 15 s of equilibration time.
2.4. Covalent modiﬁcation of graphitic carbon particles with
4-aminosalicylic acid
One gram of graphitic carbon particles were taken in 100 mL
beaker containing 10 mL  of conc. HNO3 and subsequently irradi-
ated with microwave energy (15% of total of 900 W)  for about
2 min  to induce carboxylic groups on the surface of carbon sub-
strate. Then 200 mg  (95 mM)  of 4-aminosalicylic acid was added
and irradiation was continued for 1 min. The modiﬁed graphitic
carbon particles were washed well with small quantities of ace-
tonitrile several times to remove any unreacted and physisorbed
modiﬁer molecules. Then it was washed with ample quantities of
distilled water to remove the acid present in the reaction mixture.
Finally the carbon particles were washed with acetone to remove
the moisture. The derivatized carbon particles were dried by plac-
ing it inside a fume hood for a period of 12 h and stored in an
airtight container prior to its use [24]. The schematic representa-
tion of the covalent modiﬁcation of the carbon has been shown in
Scheme 1.
2.5. Fabrication of binderless, bulk modiﬁed electrode
Electrodes were fabricated by using unmodiﬁed, oxidized and
modiﬁed graphitic carbon particles. Initially about 150–200 mg of
carbon particles were taken and compressed in the form of pel-
lets at a pressure of 6–8 tons cm−2 for about 6 h without using any
binder. The resistance of the pellets was  measured and it was found
to be 1  for unmodiﬁed, 1.36  for oxidized and 2  for modiﬁed
electrode. In each case the compressed pellet was cut into small
pieces of 5 mm  diameter and mounted onto the one end of the
Teﬂon tube with an external diameter of 8 mm and internal diame-
ter of 5 mm.  A copper wire was used for electrical contact and silver
paste serves as the conducting medium between the pellet and the
copper wire. The other end of the Teﬂon tube has been sealed with
araldite. Then the surface of the electrode was polished with 600
and 1500 grit emery sheets followed by 4/0, 5/0 and 6/0 emery pol-
ishing papers to obtain a smooth surface before its use. Roughness
on this electrode surface was created by scratching the electrode
surface against emery sheets in unidirection for the reproducible
results. The schematic representation of fabrication of electrode
and the plausible mechanism of its interaction with metal ions is
shown in Scheme 2.
2.6. Determination of pKa and degree of functionalization
Boehm titration method was used to determine the pKa value
of the surface functional groups present on the carbon particles as
well as the degree of functionalization of the modiﬁed carbon par-
ticles. The titration was carried out by treating a known weight of
modiﬁed carbon particles with excess of 0.01 M solution of NaOH in
a conical ﬂask and titrating the unreacted base against 0.01 M HCl.
After the addition of each increment of acid the solution was  stirred
for 30 s and the pH of the resulting solution was measured using
pH meter. This method has been used to determine the pKa valueSimilarly a blank titer value was measured using native graphitic
carbon particles. The degree of functionalization of carbon sub-
strate material was calculated using sample and blank titer values
[25–27].
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. Results and discussion
.1. Surface morphology of modiﬁed graphitic carbon
The scanning electron microscopy (SEM) images of the modi-
ed and native graphitic carbon particles have been recorded after
mmobilizing them on a conducting strip (ﬁgures not shown). The
mages have revealed that there are no signiﬁcant morphological
hanges between the modiﬁed graphitic carbon particles and its
nderivatized counter parts..2. Infrared spectroscopic characterization
The Fourier transform infrared (FTIR) spectra of 4-aminosalicylic
cid, modiﬁed and unmodiﬁed graphitic carbon particles were
Scheme 2. Schematic representation of electrode fabricaulk modiﬁcation of graphitic carbon with 4-aminosalicylic acid.
recorded and compared to conﬁrm the covalent attachment of
modiﬁer molecules on the surface of carbon (Fig. 1). The samples
were uniformly mixed with KBr in the ratio 1:100 to make a thin and
transparent pellet. The spectrum of the unmodiﬁed carbon (Fig. 1A)
showed bands at 1352, 1593 and 2815 cm−1 which corresponds
to the stretching frequencies of C C, C C and aromatic protons,
respectively. The peak at 3423.34 cm−1 might be due to the OH
stretching. The spectrum of 4-aminosalicylic acid (Fig. 1B) revealed
the presence of C O, C OH stretching and C OH deformation of
phenolic group peaks at 1133, 1290 and at 1427 cm−1, respectively.
The presence of peaks at 1675, 3465 and 3357 cm−1 clearly indi-
cated the presence of C O, C OH and aromatic primary amine
respectively.
The spectrum of salicylic acid modiﬁed graphitic carbon par-
ticles has showed the presence of C O, C OH stretching and
tion and its plausible interaction with metal ions.
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Fig. 2. Overlaid voltammograms of glassy carbon electrode immobilized with non-
oxidized and oxidized graphitic particles in an acetate buffer of pH 4 containing
peaks in the potential region studied. This kind of redox behav-
ior of the oxidized carbon is in agreement with the literature and
attributed to the redox process of quinone like species formed dur-ig. 1. FTIR spectra of native carbon (A), 4-aminosalicylic acid (B) and modiﬁed
raphitic carbon (C).
 OH deformation of phenolic group peaks at 1050, 1226 and at
440 cm−1 respectively (Fig. 1C). It also indicated the presence of
C O and OH stretching of carboxyl groups through the peaks
t 1700 and 3410 cm−1. The peaks at 1647.4 and 3313.4 cm−1 has
evealed the presence of C O and –NH groups of amide bond,
hich were not found in the spectra of unmodiﬁed carbon as well
n the 4-aminosalicylic acid [28,29]. All these studies have revealed
hat the carbon particle surface contains salicylic acid groups and
erivatization process has yielded covalent attachment of modiﬁer
olecules.
.3. Determination of pKa values of modiﬁed graphitic carbon
nd degree of functionalization
The pKa values of salicylic acid in solution, oxidized graphitic
arbon and salicylic acid modiﬁed graphitic carbon have been stud-
ed according to Boehm’s method [25]. The titration curves showed
wo distinct deﬂection points which indicates the presence of two
ypes of functional groups (data not shown). The pKa values for
alicylic acid in solution are found to be 4.8 and 11.2 since the
arboxylic group is more acidic than the phenolic group the pKa
alue of 4.8 is attributed to the carboxylic acid group and 11.2 is
ttributed to hydroxyl group of the salicylic acid. Next we  measured
he pKa values for oxidized and modiﬁed carbon. The oxidized car-
on showed pKa values as 4.5 and 11.6 for carboxyl and hydroxyl
roups respectively, where as the modiﬁed graphitic carbon parti-
les showed pKa values of carboxylic groups and hydroxyl groups
f the salicylic acid as 6.1 and 11.3, respectively. In case of modiﬁed
raphitic carbon, the pKa value of carboxylic group is in agreement
ith the literature [30]. The degree of functionalization of the mod-
ﬁed graphitic carbon has been calculated based on the volume of
he acid consumed for the sample and blank titrations. The vol-
me  difference of the HCl consumption for the blank and sample
as calculated and translated into its equivalent. The degree of
unctionalization has been expressed in millimoles of acidic groups0.1 M KCl as supporting electrolyte, scan rate – 50 mV s−1.
per g of modiﬁed carbon particles and it was  calculated using the
following formula [27].
C = [2.43 (b − a)MHCl]
m(modiﬁed carbon)
where a and b are the volumes of HCl consumed for the titration
of sodium hydroxide containing modiﬁed carbon and unmodiﬁed
carbon (blank) respectively. MHCl is the molarity of the HCl solu-
tion and m(modiﬁed carbon) is the mass of modiﬁed carbon used in
the titration. The degree of functionalization has been found to be
2.61 mM g−1 (3.07%) of graphitic carbon.
3.4. Electrochemical characterization of oxidized graphitic carbon
Graphitic carbon particles were oxidized under microwave
irradiation to introduce oxygen containing functionalities like car-
boxylic groups due to easy amenability for further modiﬁcation
with terminal amine containing molecules. The cyclic voltammet-
ric behavior of native and carboxylic group modiﬁed graphitic
carbons were studied in order to conﬁrm the presence of car-
boxylic acid groups anchored on the graphitic carbon surface during
microwave assisted oxidation process. This process was carried out
by physically immobilizing them onto the surface of glassy car-
bon electrode (GCE) and studying their electrochemical behavior.
The cyclic voltammograms were recorded in sodium acetate buffer
solution of pH 4 containing 0.1 M KCl as supporting electrolyte in
the potential range +0.6 to −0.6 V with a scan rate of 50 mV s−1
(Fig. 2).
In the forward scan, the glassy carbon electrode modiﬁed with
oxidized graphitic carbon particles showed a reductive peak at
0.216 V and in the subsequent reverse scan an oxidative peak was
observed at 0.312 V. The bare electrode and the modiﬁed one with
non-oxidized graphitic carbon particles did not show any redoxing the oxidation process along with carboxylic groups [31]. All
these observations have revealed the formation of oxygen contain-
ing functionalities on the carbon surface during oxidation process
through microwave irradiation.
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bon electrodes (Fig. 4). Hence the anodic peaks were systematically
studied by differential pulse anodic stripping voltammetry (DPASV)
which gave better sensitivity than cyclic voltammetry [8,9]. Theig. 3. Cyclic voltammograms of 5 mM of K3[Fe(CN) 6] at modiﬁed (A) and unmod-
ﬁed (B) electrode in sodium acetate solution of pH 8. Scan rate – 50 mV s−1.
.5. Electrochemical characterization of modiﬁed graphitic
arbon
Covalently modiﬁed graphitic carbon particles were electro-
hemically characterized in order to check the blocking effect of the
odiﬁer present on the carbon surface using standard redox sys-
em K3[Fe(CN)6] [32]. The salicylic acid modiﬁed electrode contains
unctional groups like–COOH and–OH groups with ﬁxed charge
ensity depending upon the solution pH. The cyclic voltammo-
ram of 5 mM K3[Fe(CN)6] in an sodium acetate solution of pH 8
t unmodiﬁed electrode showed reversible redox couple for the
tandard redox system. However the reversibility was almost sup-
ressed at modiﬁed graphitic carbon (Fig. 3). This is due to the
eprotonation of carboxylic groups at working pH condition (pKa
alue of carboxylic acid group of the modiﬁer is 6.1). However the
ydroxyl groups are still undissociated at this pH value (hydroxyl
roup pKa value is 11.3). Based on these studies, we can ascertain
hat the behavior of modiﬁed carbon with respect to the standard
ystem may  be attribute to the presence of electrostatic repulsion
etween the negatively charged electrode surface ( COO− group
nd the lone pair of electrons on the oxygen atom of the OH group)
nd the negatively charged coordination sphere of the standard
ystem.
.6. Voltammetry of Pb2+ and Cd2+ ions at salicylic acid modiﬁed
lectrode
The electrochemical response of the unmodiﬁed, modiﬁed and
xidized electrodes toward lead and cadmium ions were initially
xamined using cyclic voltammetry. Typical cyclic voltammetric
esponses of the lead and cadmium ions in sodium acetate solu-
ion of pH 8 were given in Fig. 4. In case of modiﬁed electrode, the
yclic voltammogram showed two peaks at −0.67 and −0.87 V in
he reductive scan which might be attributed to the reduction of
ead and cadmium ions respectively. However in the subsequent
everse scan, the voltammogram showed two peaks at −0.49 and
0.75 V which corresponds to the reoxidation of lead and cadmium
ons, respectively. The redox potential of Pb2+ is in agreement with
he literature [21] and the peaks at −0.87 and −0.75 V might be
ue to the reduction and oxidation of Cd2+ ions, respectively. In
ase of oxidized and modiﬁed electrode there is a small increase
n the capacitive current when compared to unmodiﬁed electrode.
he increased capacitive current may  be attributed to the change
n the interfacial structure after modiﬁcation and also due to theFig. 4. Cyclic voltammograms of 10 mM each of lead and cadmium at bare (A), oxi-
dized (B) and modiﬁed (C) electrodes in sodium acetate solution of pH 8. Scan rate
– 50  mV s−1.
uneven exposure of the number of carbon atoms at the interface
since the electrodes were physically constructed and the surface
was renewed by simple mechanical polishing using emery sheets
of different grades. The faradic current for the oxidation of metal
ions is higher at modiﬁed electrode when compared to unmodiﬁed
and oxidized carbon electrodes. These observations have revealed
that the presence of modiﬁer molecule with suitable functionali-
ties could enhance the electrochemical response for both lead and
cadmium ions. This kind of modiﬁed electrode behavior might be
attributed to the interacting ability of the functional groups i.e., car-
boxyl and hydroxyl present on the surface of carbon toward lead
and cadmium ions present in the electrolyte at the interface [21].
3.7. Differential pulse anodic stripping voltammetry of Pb2+ and
Cd2+ at modiﬁed electrode
The oxidation peaks for both Pb2+ and Cd2+ ions are larger and
sharper than the reduction peaks at both native and modiﬁed car-Fig. 5. Differential pulse anodic stripping voltammograms of lead and cadmium
ions (200 nM) in a sodium acetate solution of pH 8. (A) in presence of metal ions and
(B)  in the absence of metal ions. Preconcentration time = 4 min. Preconcentration
potential = −0.8 V.
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ifferential pulse anodic stripping voltammetry in the absence and
n presence of lead and cadmium ions in sodium acetate solution
f pH 8 were studied in the potential range −1.0 to 0.0 V (Fig. 5).
In the absence of metal ions, the modiﬁed electrodes did not
how any stripping peaks in the potential region −1.0 to 0.0 V.
herefore the modiﬁed electrode can be applied for the quantiﬁ-
ation of analytes (metal ions) which are active in this potential
egion. In presence of metal ions, the voltammograms clearly
howed well deﬁned stripping (oxidation) peaks for cadmium at
0.78 V and lead at −0.52 V with a peak to peak separation of
60 mV.  This separation between DPV peaks is large enough and
ence simultaneous determination of lead and cadmium metal ions
ere studied using the modiﬁed electrode. Since the working pH is
, the carboxylic groups of the modiﬁer molecules are expected to
e deprotonated and the hydroxyl groups are still undissociated.
ence the voltammetric behavior of the metal ions at modiﬁed
lectrode might be attributed to the complexing ability of the modi-
er functionalities such as carboxylate and the lone pair of electrons
resent on the oxygen atom of the hydroxyl groups at the electrode
nterface (Scheme 2). This kind of interaction may  pose effective
helation with enhanced coordination which may  provide lower
etection limits. The complexation behavior of metal ions at the
nterface and the possible mechanism of preconcentration as well
s stripping steps are given as below [21,33].
I. Preconcentration and complexation step (M = Pb2+ and Cd2+)
2+ + 2HL → ML2 + 2H+where HL represents the ligands present on the surface of
raphitic carbon such as COOH and OH groups.
L2 + 2H+ + 2e− → M + 2HLreconcentration time. Concentration – 200 nM each of lead and cadmium.
II.  Stripping step
M → M2+ + 2e−
3.8. Optimization study
The analytical parameters like pH, deposition potential and
deposition time which inﬂuence the analytical response of the
modiﬁed electrode were optimized in order to achieve the max-
imum efﬁciency of the developed sensor toward the metal ion
quantiﬁcation at trace level concentration.
The interaction of modiﬁer molecule with the metal ions is an
interfacial process which mainly depends on the nature of the func-
tionalities which inturn depend on the pH of the bulk solution as
well as pKa value of the surface functional moieties. The pKa values
of carboxylic and hydroxyl groups of the modiﬁer molecule were
found to be 6.1 and 11.3 respectively. The carboxylic groups are
protonated in acidic pH and expected to be deprotonated in neu-
tral and in alkaline medium. Hence the effect of pH plays a key
role in determining the metal ions. Hence the effect of pH on the
accumulation of metal ions was  studied in the pH range 1–10. The
measurements were carried out using various buffers like acetate,
phosphate, ammonia-ammonical buffers, borate buffers and pH
solutions like sodium acetate solutions of desired pH values. Among
all these, sodium acetate solution with a pH 8 resulted well deﬁned
stripping peaks for both lead and cadmium ions with a consider-
able peak to peak separation hence it has been chosen as best pH
solution for analysis. The charge density on the modiﬁer molecule
mainly depends on the solution pH, therefore the effect of pH value
of the sodium acetate solution on the stripping response was stud-
ied (Fig. 6A).
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Fig. 7. Overlaid differential pulse anodic stripping voltammograms (inset: calibra-
tion plots).
Table 1
Comparison of some of the modiﬁed carbon electrodes reported for the simultane-
ous determination of Pb2+ and Cd2+ ions using differential pulse anodic stripping
voltammetry (DPASV).
Modiﬁed carbon electrodes Limit of detection
(LOD)/nM
Reference
Pb2+ Cd2+
Barium hydrogen phosphate – CPE 3 5 [15]
Diacetyldioxime – CPE 10 40 [35]
MWCNT – GC thin ﬁlm 4 6 [36]
Clay nanoparticle-anthraquinone –
GC thin ﬁlm
1 3 [37]
Cu–DPABA complex – GC 1.9 1.2 [38]
Proposed sensor electrode 0.9 10.7 Present study
CPE: carbon paste electrode; MWCNT: multiwalled carbon nanotubes; GC:
glassy carbon; DPABA: methyl 3,5-bis{bis-[(pyridin-2-yl)methyl]amino}methyl-
oxidation of lead and cadmium ions. The developed sensor has
showed least interference from most of the common ions due to
Table 2
Interference study.
Interfering ions Tolerance
limit (nM)R. Gunigollahalli Kempegowda, P. Malinga
No analytical response was observed in the pH range 1–4 for
oth the metal ions which revealed the absence of interaction of
odiﬁer functionalities with the metal ions at the interface. In
cidic condition, the lone pair of electrons present on the oxygen
tom of the modiﬁer functionalities may  get protonated. Due to
his, the surface of the modiﬁed electrode acquires positive charge
nd hence it repels the positively charged metal ions at the inter-
ace. The peak currents increases from 5 to 8 and then it starts
ecreases. The increase of peak current is due to the deprotonation
f more and more carboxylic group present on the electrode surface
nd the availability of lone pair of electrons on the oxygen atom
f the hydroxyl group of the modiﬁer molecule to interact with
etal ions. Generally lead and cadmium ions may  undergo precip-
tation in slight alkaline conditions. However the precipitation is
ot observed in the present studies because the metal ions were
dded into the electrochemical cell just before the analysis. It is
ell known that the acetate ions form weak complexes with these
etal ions and prevent their precipitation [33,34]. Hence sodium
cetate solution of pH 8 was used as an optimum pH in all further
tudies.
Next, the inﬂuence of deposition potential on the stripping
esponse of lead and cadmium ions were studied (Fig. 6B). The
eposition potential was varied between −0.6 and −1.4 V under
ptimized pH condition. The stripping response increased remark-
bly from −0.6 to −0.8 V then as the deposition potential become
ore positive than −0.8 V, the peak currents decreases due to
he reduction of other chemicals at these potentials and inter-
ere in the determination of lead and cadmium ions. Hence in
ll further studies −0.8 V was used as an optimum deposition
otential [16].
The effect of deposition time on the stripping response for both
he lead and cadmium ions were illustrated in Fig. 6C. The peak cur-
ents for both Pb2+and Cd2+ ions were studied from 1 to 7 min  and
t has been found that the peak current increases with increase of
reconcentration time from 1 to 4 min. This is due to the fact that
onger the preconcentration time more and more analytes get accu-
ulated with the surface functionalities at the electrode/solution
nterface, hence current increases. After 4 min, the peak current
ecomes almost constant due to either surface saturation or the
ttainment of equilibrium between the complexed metal ions and
he ions in solution [16]. Therefore a preconcentration time of 4 min
as been used in all further studies.
.9. Analytical merits
The calibration plot was constructed after the successive
dditions of 100 nM each of lead and cadmium ions into an electro-
hemical cell of 10 mL  volume containing sodium acetate solution
f pH 8. The peak currents increased linearly with increase of both
ead and cadmium ions concentration in the range 100–800 nM
Fig. 7) with a detection limit (3) of 0.9 and 0.7 nM,  respectively.
hese detection limits are well below the prescribed maximum
hreshold limit values recommended by world health organiza-
ion [4,5]. The proposed electrode has showed excellent stability,
ide linear range, low detection limit, long term storage and
eproducible analytical performance. The analytical performance
f the proposed sensor electrode has been compared with other
arbon electrodes (Table 1). The proposed sensor electrode can
e used as an alternative to the existing sensors in industrial
tmospheres for routine monitoring of toxic metal ions at trace
evel..10. Interference study
Precise and selective determination of lead and cadmium ions in
eal sample is a challenging task, as the other metal ions commonlybenzoate); DPASV: differential pulse anodic stripping voltammetry.
present in the samples may  also get deposited and stripped off
under the same optimized conditions used in the detection of lead
and cadmium ions. In order to examine the analytical performance
of the proposed sensor electrode toward lead and cadmium quan-
tiﬁcation in presence of commonly existing cations and anions, the
measurements have been performed using 300 nM of each of lead
and cadmium ions in presence of different concentrations of com-
mon ions. The corresponding tolerance limits for different cations
and anions were listed in Table 2. Above the tolerance limit the
added ions interfere and alter the peak currents produced by theNH4+, Ba2+, Mg2+, Ca2+, Cl− , F− , PO43− , SO42− , K+, Mn2+, Li+, Ag+ 10,000
Co2+, C2O42− , CO32− 1100
Hg2+, Bi2+, Sn2+, Fe3+ 900
Cu2+, Ni2+ 500
16 R. Gunigollahalli Kempegowda, P. Malingappa / Analytica Chimica Acta 728 (2012) 9– 17
Table  3
Determination of lead and cadmium from pretreated waste water samples of lead acid battery.
Sample Originally found (nM) Added (nM) Total (nM) Recovery (%)
Pb2+ Cd2+ Pb2+ Cd2+ Proposed method AAS method Proposed method AAS method
Pb2+ Cd2+ Pb2+ Cd2+ Pb2+ Cd2+ Pb2+ Cd2+
Aa 210.3 ND 200 200 410.1 190.10 400.9 190.7 99.51 95.50 99.03 98.50
Ba 270.9 ND 200 200 470.4 200.10 470.2 190.6 98.95 100.50 98.53 98.00
N
s
w
3
t
c
r
m
b
b
b
o
a
p
e
t
c
t
w
l
t
t
i
t
m
p
b
t
p
T
a
F
sD: not detected.
a Samples were collected from different sources.
peciﬁc and selective interaction of the modiﬁer functionalities
ith lead and cadmium ions.
.11. Surface renewability and long term storage stability
The surface renewability of the fabricated electrode is an impor-
ant parameter for repetitive and precise measurements. It was
hecked by determining the lead and cadmium ions using 10 fresh
enewed surfaces in presence of 200 nM of each lead and cad-
ium ions. The relative standard deviation in current response has
een found to be ±4%, which indicates that the surface renewa-
ility of the electrode did not affect the electrochemical response
ut it conﬁrms that the bulk modiﬁcation is uniform through-
ut the matrix, hence a single electrode of this type can be used
nd reused for several measurements with same electrochemical
erformance. For long term analytical applications the developed
lectrodes should meet long term storage stability. The conven-
ional carbon paste electrodes are generally prepared by using non
onducting binders like nujol, parafﬁn, epoxy resin. The presence of
hese binders undoubtedly poses the extra charge transfer barrier
herein it decreases the electrode kinetics which inturn limits its
ong term storage stability. In addition to this, carbon paste elec-
rodes suffer from leaching of modiﬁer into electrolyte which limits
he reproducibility of analytical responses which are not desirable
n the routine analysis. In this direction, the long term stability of
he developed sensor has been demonstrated over a period of 6
onths (Fig. 8). In all these experiments the magnitude of strip-
ing currents for both lead and cadmium ions has been found well
elow ±10%. This demonstrates the long term storage stability of
he fabricated electrode hence these electrodes can be used for the
recise measurement of metal ions over a period of several months.
his kind of modiﬁed electrode can be used for long term industrial
pplications.
ig. 8. Long term storage stability of the proposed sensor electrode over a period of
ix months.3.12. Application study
In order to validate the developed sensor for industrial appli-
cations, lead and cadmium ions present in the pretreated waste
water samples of lead acid battery have been determined. The pre-
treated samples were collected from two different battery sources
and ﬁltered through whatman ﬁlter paper (42 grade) to remove all
the suspended particulate matter. Then 25 mL  of the ﬁltrate was
used for analysis by adjusting the pH to 8 and diluting it to 100 mL.
From this diluted solution, 10 mL  aliquot was  taken in the electro-
chemical cell and analyzed according to the procedure described
earlier (analytical procedure). The results obtained by the proposed
electrode are in good agreement with the results obtained by AAS
method (Table 3). The proposed sensor showed a linearity in the
concentration range 100–800 nM for both lead and cadmium ions.
This is well within the limits of lead and cadmium ions in the real
sample matrices whose compositions are given in Table 3.
4. Conclusions
A  new binderless covalent bulk modiﬁed electrode has been pro-
posed and successfully utilized in the simultaneous determination
of Pb2+ and Cd2+ ions by differential pulse anodic stripping voltam-
metry. The methodology of the present approach is toward green
and the modiﬁed electrode has the advantages of toxic free, ease of
preparation in bulk quantities, long term storage and operational
stability over a period of several months without leaching of the
modiﬁer into the bulk of the electrolytic solution when compared to
other carbon paste and surface modiﬁed rigid electrodes. The elec-
trode surface can be renewed by simple mechanical polishing using
different grades of emery sheets as opposed to that of conventional
electrochemical cleaning which require prolonged time. Therefore
the developed sensor electrode offers an alternative route to mon-
itor the heavy metal ion concentrations at trace level without any
constraints as encountered in the conventional existing electrodes.
Hence the proposed electrode has been used in the simultaneous
determination of lead and cadmium ions from industrial efﬂuents
at trace level.
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